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Effects of acoustic plasmons in photoemission from coupled layered systems

J. D. Lee and A. Fujimori
Department of Complexity Science and Engineering and Department of Physics, University of Tokyo, Bunkyo-ku, Tokyo 113-003

~Received 7 March 2001; published 19 October 2001!

We have studied photoemission in a quasi-two-dimensional solid consisting of coupled layers adopting the
calculation in the limit of narrow hole band width. Unlike ordinary three-dimensional systems, gapless acoustic
plasmons can be excited in the low energy regime. Combining the dielectric response of the coupled layers and
the random phase approximation for a single layer, we can explicitly turn on or off the acoustic plasmon
excitation. Through the comparison between the on- and off-acoustic calculations, acoustic plasmons in the
photoemission spectra are found to suppress the quasiparticle weight and lead to an asymmetric broadening of
the quasiparticle peak. Such tendencies are strengthened as the interlayer dielectric coupling increases. Further,
the model is applied to the high-temperature superconductors and found to give additional asymmetric broad-
ening to the pure two-dimensional spectra, which means that a significant part of the anomalously large
inelastic background may be attributed to multiple intrinsic losses by acoustic plasmons.

DOI: 10.1103/PhysRevB.64.184519 PACS number~s!: 74.25.Gz, 79.60.2i, 73.21.2b, 73.20.Mf
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I. INTRODUCTION

Angle-resolved photoemission spectroscopy~ARPES! has
contributed significantly to the understanding of correla
systems by delivering valuable informations about their el
tronic structures. Particularly, due to the inherent momen
conservation in a crystal, ARPES has been a more powe
tool to study correlated two-dimensional systems like hig
temperature~high-TC) superconductors.1 For such systems
theoretical studies have been concentrated on the purely
dimensional correlated model and proposed Fermi-liq
~FL!, marginal Fermi-liquid~MFL!,2 or Luttinger liquid3 be-
haviors in interpreting the experimental data. However
should be noted that the studies havea priori neglected the
three dimensionality of the actual system due to dielec
coupling between the layers, even if electron transfer is n
ligible between the layers and many physical properties
be explained by considering the two-dimensional Cu2
layer.

One of the most distinct features in the strongly correla
system that cannot be understood within the weak correla
picture is the absence or suppression of the quasipar
component in ARPES.1 Going to the stack of interacting lay
ers beyond the purely two-dimensional model, we meet
usual gapless acoustic plasmons not shown in ordinary th
dimensional systems.4 The gapless property is very
interesting in photoemission because it can produce mult
low energy losses. Along this line, the gapless magnons h
been studied for one- or two-dimensional undoped Mo
Hubbard insulators and found to highly suppress the co
ent component~corresponding to the quasiparticle comp
nent! of the single-particle spectral function.5 In many cases,
however, the doped cuprates exhibit the opening of spin g
which means magnons may be no longer gapless in the
teresting doped cases.6 In such a sense, the acoustic plasm
is more interesting because the gaplessness of acoustic
mons comes from the dielectric coupling among the lay
and should be robust with respect to the doping as long
each layer has mobile electrons. In addition to the highTC
cuprates, excitations due to coupling among layers, i.e., th
0163-1829/2001/64~18!/184519~7!/$20.00 64 1845
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dimensionality of the system, may be potentially importa
in another layered compounds, for instance, transition-m
dichalcogenides TiSe2 , TiS2, or TiTe2.7

Recently, Hedin and Lee suggested the model of the s
of two-dimensional layers and studied the photoemission
the model.8 They have used the experimental energy lo
spectra for Bi2Sr2CaCu2O8 ~Bi2212! ~Ref. 9! as the many-
body input. In their approach, however, the relevant exc
tions are so completely melted into the experimental d
that the role of acoustic plasmons or their dispersing prop
ties cannot be explicitly specified or scrutinized even if o
can expectsomeeffects from acoustic plasmons.

In this paper, we combine the dielectric response
coupled layers and the RPA expression for a layer. Then
can explicitly turn on or off the acoustic plasmon excitatio
which is very useful in exploring the effects of acoustic pla
mons because one can directly compare the on- and
acoustic cases. Further, to simulate the realistic situation
introduce two dielectric constantse i ande' for the screened
Coulomb potential.10 It has then been found that acoust
plasmons suppress the quasiparticle peak weight and
crease broadening more asymmetrically similar to the cas
gapless magnons.5 It is better understood by fitting the quas
particle components with the Doniach-Sunjic line shap11

characterized by the singularity index. As the interlayer co
pling increases, acoustic plasmons are more strongly a
vated in the photoemission. There have been various theo
ical studies about the estimation of the quasiparti
component in the system,12 however, the controversies as
whether such theories can explain the experimentally
served dramatic reduction of the quasiparticle weight are
going on. It should be pointed out that acoustic plasmo
decrease the quasiparticle weight beyond the tw
dimensional model. Further, the present model can be n
rally applied to the high-TC superconductors and is found t
give additional significant asymmetric broadening to the p
two-dimensional spectra described by the MFL~or FL!
theory. This may explain the anomalously large inelas
background needed to fit the experimental data with the M
or FL theory.13
©2001 The American Physical Society19-1
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J. D. LEE AND A. FUJIMORI PHYSICAL REVIEW B64 184519
The paper is organized as follows. In Sec. II, the ba
formalism is briefly described. In Sec. III, the discussion
the role of acoustic plasmons comes through comparison
tween the on- and off-acoustic calculations. In Sec. IV,
discuss an application of the present model to the highTC
superconductors and its significance. Concluding remarks
given in Sec. V.

II. BASIC FORMALISM

In the strongly correlated system consisting of coup
layers, the final photoemission spectrumJk(v) is found to
be8

Jk~v!5E dv8Jk
2D~v8!P~v2v8!, ~1!

where Jk
2D(v8) is the spectral function of the pure two

dimensional layer andP(v) is the effect of the coupling
among layers, that is,P(v) is regarded as being from th
three dimensionality of the system.14 If one puts Jk

2D(v)
5d(v2«k), P(v) is just the final photoemisson spectru
and otherwiseP(v) may play a role of the loss function. I
this study, we are mainly interested inP(v) where the
acoustic plasmon enters. Under the quasiboson model15 and
the narrow hole band width limit,P(v) is determined from
the dielectric response of the system. The narrow hole b
width means that the calculation would follow the core ho
case even if we have in our mind the valence band ph
emission, that is, recoil effects of the valence hole would
neglected. Its practical justifications are found in Refs. 16,
and 18.

In the quasiboson model,P(v) is given by

P~v!5
1

2pE dteivt expF E dv8a~v8!
eiv8t21

v8
G ~2!

anda(v) is

a~v!5
2v

pA (
Q

E dzdz8 f ~z! f ~z8!* Im W~z,z8,Q;v!,

~3!

where f (z)52d(z2z0)/v (z0: hole position! within the
sudden approximation andQ is the two-dimensional vecto
parallel to the layer andz or z8 is the coordinate perpendicu
lar to the layer (z.0 is occupied by the solid!. P(v) is
obtained by a summation of the limited diagram set up to
infinite order and exact up to the second order of the fl
tuation potential. In addition,P(v) is known to properly
describe the quasiparticle parts (v'0).15 W(z,z8,Q;v) in
Eq. ~3! is the dynamically screened potential and its Four
transform forq5(q,Q) satisfies

W~q,q8,Q;v!5v~q,Q!e21~q,q8,Q;v!. ~4!

It is then clear that the dielectric response of the sys
would determine the photoemission spectra of the locali
hole.

For simplicity, we think of Bi2Sr2CuO6 ~Bi2201! having
one CuO2 layer per unit cell as a reference material. Ifc is
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the lattice constant~or the interlayer distance! along thec
axis, the inverse dielectric function of the system is

e21~q,q8,Q;v!

512v~q!
x0~Q;v!/c

12V~q,Q!x0~Q;v!/c
(
G

dq1G,q8 ,

~5!

whereG52np/c is the reciprocal lattice vector along thec
axis, v(q) is the screened Coulomb potential given by

v~q!54p
1

q2e'1Q2e i
, ~6!

andV(q,Q) is

V~q,Q!5(
G

v~q1G,Q!5
2pc

zQ

sinhjQc

coshjQc2cosqc
.

~7!

In Eqs. ~6! and ~7!, we define j[(e i /e')1/2 and z
[(e ie')1/2. We remark thatx0(Q;v) is the polarization
function for a noninteracting layer. The RPA expression w
be adopted forx0(Q;v) in the approach. Using Eqs.~4! and
~5! and taking the Fourier transformation ofW(q,q8,Q;v),
Im W(z,z8,Q;v) is given by

Im W~z,z8,Q;v!5
1

2pE0

p/c

dqVf
r~q,Q,z!Vf

r~q,Q,z8!

3Im xscr~q,Q;v!, ~8!

xscr~q,Q;v!5
x0~Q;v!/c

12V~q,Q!x0~Q;v!/c
. ~9!

The fluctuation potentialVf
r (q,Q,z) is defined by adding the

phase factoreif to Vf(q,Q,z),

Vf
r~q,Q,z!52 Re@Vf~q,Q,z!eif#,

Vf~q,Q,z!5
2pc

zQ

sinhjQc~12d!1e2 iqcsinhjQcd

coshjQc2cosqc

3e2 iq(z2c/22cd), ~10!

whered is defined as res(z2c/2,c)/c and the charged laye
is assumed to be atz5(n11/2)c (n is a integer,>0), con-
sistent with the structure of Bi2201. The phase factoreif

should be determined to satisfy the surface boundary co
tion, Vf

r (q,Q,0)50 ~whenz50 is put the surface!,

cos~qc1f!1cosf50, i.e. f5
p

2
2

qc

2
, ~11!

where we usedd51/2 atz50. More details on the fluctua
tion potential are found in Ref. 8 for the similar system.
9-2
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III. ACOUSTIC PLASMONS IN PHOTOEMISSION

In this section we concentrate on the study ofP(v). As
mentioned in the last section,P(v) may be considered as th
true photoemission spectra whenJk

2D(v) is assumed as a
sum of pure delta functions.

We note that, puttingz5Q/2kF andu5v/QkF , x0(Q,v)
within RPA is given by19

Rex0~Q,v!5G$2z2C2@~z2u!221#1/2

2C1@~z1u!221#1/2%,

Im x0~Q,v!5G$D2@12~z2u!2#1/22D1@12~z1u!2#1/2%,
~12!

where G52kF /Qp, C65(z6u)/uz6uu and D650 for
uz6uu.1, andC650 andD651 for uz6uu,1.

From Eq. ~12!, when v@uQukF (s25kF
2/2), x0(Q,v)

becomes

x0~Q;v!5n
Q2

v22s2Q2
,

wheren is the electron density of a layer. Collective exc
taions of the system are found from the pole structure
Im e21(q,Q;v).20 As the pole is determined by the zero
12V(q,Q)x0(Q;v)/c, we get

v25s2Q21
2np

z
Q

sinhjQc

coshjQc2cosqc
, ~13!

where we find, whenQ is small, ~i! q50, v2(Q)'s2Q2

14pn/e ic ~optical plasmon! and ~ii ! qÞ0, v2(Q)' s̃2Q2
ic
ul

-

e-

i

18451
f

~acoustic plasmon!. In Fig. 1, plasmon energy dispersions a
given for a few values ofq’s. For the evaluation, the optica
plasmon frequency 4pn/e ic50.6 eV, e i5e'54, and c
512.18 Å ~Ref. 21! for Bi2201 are used.

Substituting Eqs.~8! and ~9! for Eq. ~3!, a(v) is recast
into

a~v!52
1

p~2p!3

1

vE0

p/c

dqE dQ@Vf
r~q,Q;z0!#2

3Im@xscr~q,Q;v!#, ~14!

and Imxscr(q,Q;v) governs the energy loss by making e
citations in the stack of layers

FIG. 1. Depending onq, plasmon dispersions are given wit
respect touQu. The unit ofuQu or q is p/c.
Im xscr~q,Q;v!5
Im x0~Q,v!/c

@12V~q,Q!Rex0~Q,v!/c#21@V~q,Q!Im x0~Q,v!/c#2
.

It is interesting and important to note that, by puttingq50 in
Im xscr(q,Q;v), one can turn off the excitation of acoust
plasmons. Here we define the off-acoustic plasmon calc
tion for ã(v) as

ã~v!52
1

p~2p!3

1

vE0

p/c

dqE dQ@Vf
r~q,Q;z0!#2

3Im@xscr~q50,Q;v!#. ~15!

In Fig. 2, typical behaviors ofa(v) and ã(v) are given.
Qualitatively, ã(v) is similar to that of the ordinary three
dimensional electron gas without acoustic plasmons,15 which
signifies that inã(v) acoustic plasmons are pertinently d
leted. Froma(v) @or ã(v)] we can readily evalulateP(v),
for which we always consider only the case leaving a hole
a-

n

FIG. 2. Typical behaviors ofa(v) ~acoustic on! and ã(v)
~acoustic off! are given fore i5e'54. The arrow indicates the
energy of 4pn/e ic.
9-3
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J. D. LEE AND A. FUJIMORI PHYSICAL REVIEW B64 184519
the first charged (CuO2) layer, i.e.,z05c/2 @r05(z0 ,0)#.
Then we note thatVf

r (q,Q;z0) is

Vf
r~q,Q;z0!5

4pc

zQ

sinhjQc

coshjQc2cosqc
.

Vf
r (q,Q;z0) corresponds to the core-hole potential in t

core-level photoemission problem and plays a role of
driving force for the nontrivial losses in the photoemission
is easily seen that, whenVf

r (q,Q;z0) vanishes,P(v) reduces
to the trivial d(v). It is also worth noting thatP(v) is de-
termined solely by values ofa(v8) or ã(v8) at v8<v and
then the quasiparticle line shape for the off-acoustic cas
determined only by the particle-hole contribution.

The present study is based on the nonrecoiling vale
hole by assuming the small hole band width, similar to
core-level case. It is well known that the core-level PES fr
metals should have an asymmetric skew line shape du
low energy excitations, that is, the Doniach-Sunjic line sha
ADS(v).11 Through detailed studies allowing the recoiling
the valence hole in metals, valence hole spectra are foun
asymmetric as to be comparable to core hole spectra.17 Fur-
ther, this analysis has been successfully applied to the
lence band spectra of Ti, Zr, Nb, Mo, and Hf by Hu¨fner and
his co-workers.18 Therefore, it is expected that the quasip
ticle part ofP(v) would be reasonably fitted with Doniach
Sunjic line shape. TheG-broadened Doniach-Sunjic spect
ADS(v) is

ADS~v!}
cos@pa0/21~12a0!tan21~v/G!#

@11~v/G!2# (12a0)/2
, ~16!

where a0 is the singularity index. In Fig. 3, the spectr
functions of P(v) and their corresponding fitted Doniach
Sunjic spectra are given for on- and off-acoustic cases,
spectively. The on-acoustic case is just a full calculation.
find that the fitting is very nice especially for the quasipa
cle parts. The necessarya0’s are found to be 0.202 and 0.11
for on- and off-acoustic calculations. The latter 0.119 is
tributed to the electron-hole excitation. The interlayer co
pling strength is controlled bye' . As e' decreases, the in
terlayer coupling increases, and vice versa, which can
easily understood by expressing Eq.~6! in the real-space
coordinates as

V~z,R!5
1

~e i
2z21e ie'R2!1/2

,

where one sees that, ase'→0, V(z,R)→1/e iz, on the other
hand, ase'→`, V(z,R)→1/zuRu. This is also reflected in
the fluctuation potentialVf

r (q,Q;z0). In the limit of e'→`
~extinguishing the interlayer coupling!, Vf

r (q,Q;z0) survives
for only q50 mode that is for the optical plasmon. This
consistent since one can expect only the optical plasm
mode in the case. We always fixe i through 4pn/e ic
50.6 eV in the following discussion because 4pn/e ic is a
meaningful energy scale of the system.
18451
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It is interesting to investigate the behaviors ofP(v) with
respect to the interlayer coupling strength, i.e.,e' for a fixed
e i . In Fig. 4, we provide the behaviors ofP(v) ase' varies
from 1.0 to 5.0. It is noted that there are drastic behaviors
both on- and off-acoustic cases for a given range ofe' .
Particularly, for the on-acoustic case with a smalle' , say
e'51, the quasiparticle part is highly suppressed. It is v
useful to estimate the quasiparticle peak weight from
fitting through the Doniach-Sunjic spectral line shape eve
the estimation may be less accurate ase' ~or a0) becomes
smaller. For such estimations, we need to set the cutoff
ergy for ADS(v) because its integration is not well define
when v→2`. Here we take the cutoff energy as'20.6
eV, the characteristic energy where the optical plasmon
gins to excite.

Figure 5 gives the systematic profile of the quasiparti
peak weight and singularity index withe' varied from 1.0 to
5.0. The larger singularity index means the more asymme
broadening. Taking the ratio of quasiparticle weight of o
acoustic calculations to off-acoustic ones, we find the ra
decreases from;0.836 to;0.727 as the interlayer couplin
increases~from e'55.0 to 1.0!. This directly shows that as
the interlayer coupling strengthens, the acoustic plasm

FIG. 3. P(v) calculated with acoustic plasmons on and off. T
on-acoustic calculation~upper panel! is P(v) from the full expres-
sion of Eq. ~14!, while the off-acoustic calculation~lower panel!

from ã(v) of Eq. ~15! for the typicale i5e'54.0. The dashed lines
are fit by the Doniach-SunjicADS(v). The broadening ofG
550 meV is applied.
9-4
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EFFECTS OF ACOUSTIC PLASMONS IN . . . PHYSICAL REVIEW B64 184519
are more vigorously activated in the photoemission proc
On the other hand, in the opposite limit, i.e.e'→`, only the
optical plasmon activates and then the ratio goes to 1.0.

IV. HIGH- TC SUPERCONDUCTORS

Although the RPA approach for the layered conduct
system immediately gives the acoustic plasmons as desc
in the last section, it is true that no direct experimental o
servation of acoustic plasmons in the high-TC superconduct-

FIG. 4. Behaviors ofP(v) with respect toe'51.025.0 for a
fixed e i54.0 ~also fixing 4pn/e ic50.6 eV!. The 50 meV broaden-
ing is applied.

FIG. 5. Quasiparticle weight and singularity indexes with
spect toe' for both on- and off-acoustic calculations.e i54 is
fixed.
18451
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ed
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ors has been reported so far. Optical measurements22 and the
transmission electron energy loss spectroscopy~EELS!
experiments9 fail in directly observing them. The reaso
seems to be in that those experiments are done forq'0 or
q'0, where the energies of acoustic plasmons are v
small. However, recent reflection EELS experiments deli
the strong possibility to establish their existence since it
lows a measurement as a function ofQ, while summing all
perpendicular momentaq.23

In high-TC superconductors,Jk
2D(v) is not a simpled(v

2ek) any longer, but is a spectral function with the chara
teristic self-energy. This is a difference from the discuss
in the last section. In many cases, the ARPES data of h
TC compounds are fitted using the marginal Fermi liqu
~MFL! theory.2 In the theory, the spectral function is@5
2(1/p)Im G(k,v)#

Jk
2D~v!5

1

p

2Im S~k,v!

@v2ek2ReS~k,v!#21@ Im S~k,v!#2
,

~17!

where the self-energyS(k,v) is, when neglecting thek de-
pendency,

S~k,v!;g82S v ln
x

vc
2 i

p

2
xD , x5max~ uvu,T!.

~18!

On the other hand, the self-energy of the Fermi-liquid~FL!
theory has the form ofS(k,v);2av2 ibv2 nearv;0.

Liu, Anderson, and Allen13 have tried to fit the ARPES
data of high-TC compounds using both MFL and FL theorie
and concluded that neither MFL nor FL theories can fit t
slow fall-off ~broadness! of the spectra unless the anom
lously large inelastic backgrounds are assumed.

It is very interesting to note thatP(v) in the last section
can give another effects onJk(v) from Eq.~1!. Although Liu
et al. tried to fit the MFL or FL to Bi2212 having two CuO2
layers per unit cell and our calculation ofP(v) is basically
for Bi2201 having a single layer, the application ofP(v) is
thought still meaningful at least from a qualitative point
view. The necessary on-acoustic~full ! P(v) is evaluated
from e i5e'55.0, which are actually reasonable values
transition-metal oxides including high-TC materials.24

In Fig. 6, we give a few curves forek520.1, 20.3,
20.5, and20.7 eV, where the actual quasi-particle energ
are determined byv2ek2ReS(k,v)50 as -0.020, -0.087
-0.187, and -0.334 eV. Because we neglect thek dependency,
the only relevant parameter is the bare energyek . In the
figure, it is realized thatP(v) gives the additional asymmet
ric broadening. As shown in the last section, the broaden
should depend on the dielectric constants such ase i ande' .
The resulting curves with the broadening added look com
rable to the experimental curves in Liuet al.13 We impor-
tantly note that, for experimentally acceptable values ofe i
and e' , the suitable asymmetric broadening to explain L
et al.’s puzzle is obtained even if the theory is in princip
qualitative. Finally, we remark thatJk(v) ~not shown here!
from off-acoustic P(v) show less broadening up to'

-

9-5
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20.6 eV from the quasiparticle peak and also unphys
humps near'20.6 eV compared to the on-acoustic~full !
calculation.

V. CONCLUDING REMARKS

We have investigated photoemission in the system
stacked interacting layers. In the strongly correlated qu
two-dimensional systems, most of the studies have been
centrated on the physics occurring in the purely tw
dimensional layer. Accounting for the three-dimensiona
of an actual layered material, we can have a new clas
excitation, i.e., the gapless acoustic plasmon. This excita
is quite interesting in the sense that its gaplessness has d
effects on the quasiparticle structure in the photoemiss
spectra. Particularly, in the high-TC compounds, theoretica
spectral functions, experimental photoemission spectra
their quasiparticle structures have been still far from
overall consensus and being truly controversial.

In this study, combining the general dielectric respon
formalism of interacting layers and the RPA for a sing

FIG. 6. Final photoemission spectraJk(v) given for several
values of ek520.1, 20.3, 20.5, and20.7 eV from the top
curve. ‘‘MFL’’ meansJk

2D(v) @Eqs.~17! or ~18!# and ‘‘J’’ means the
final spectra from Eq.~1!. For Jk

2D(v), we takeg851.0 andvc

51.0 eV. All the curves are normalized to have a unit area up
20.6 eV.
R

nd
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layer, we could artificially turn on or off acoustic plasmon
and then examine their roles and effects by comparing
on- and off-acoustic calculations. Acoustic plasmons
found to weaken the quasiparticle peak weights and to g
asymmetric skew broadening. It is also found that as
interlayer coupling increases (e' decreases! the acoustic
plasmons are more strongly activated in the photoemiss
process.

The present layered system is thought to be a prototyp
the high-TC superconducting materials. Using the MF
theory for the spectra from the pure two-dimensional lay
we can get the photoemission spectra by convoluting w
P(v). The resulting spectra is more asymmetrically broa
ened such that it gets comparable to the experimental ob
vation. It is quite fascinating to obtain the suitable asymm
ric broadening using typically acceptable values ofe i and
e' . The degree of broadening is determined bye i ande' .
These additionally broadened spectra throughP(v) mean
that the anomalously large inelastic backgrounds neede
fit the two-dimensional self-energy theory with the expe
mental data may be ascribed to real intrinsic spectral weig
by acoustic plasmon losses to a large extent.

Finally, it would be worthwhile to make a comment o
the scope and the outlook of the present model, especiall
application to high-TC cuprates. The RPA-type loss functio
~corresponding to the model! has never been directly mea
sured yet in the high-TC cuprates, which means that, as me
tioned before, no direct evidence of acoustic plasmons
been available up to now. This may make the validity of t
RPA or effects of acoustic plasmons in the system more
less shaky. However, we think that this does not imply n
essarily the irrelevance of acoustic plasmons~or the RPA! in
the cuprates. One may argue that acoustic plasmons sh
be expected from quite general arguments, irrespective o
nature of charge carriers, as long as the material can
viewed as a layered conductor and a long range potenti
available, i.e., collective charge excitations withq→0 can be
realized without energy cost due to a cancellation of elec
fields from layers. Further, the model would be still prom
ing since new possibilities to observe acoustic plasmons
discussed.23
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9N. Nücker, H. Romberg, S. Nakai, B. Scheerer, J. Fink, Y.F. Y

and Z.X. Zhao, Phys. Rev. B39, 12 379~1989!.
10P. Prelovsˇek and P. Horsch, Phys. Rev. B60, R3735~1999!.
11S. Doniach and M. Sˇunjić, J. Phys. C3, 285 ~1970!.
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